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outline:

e prerequisites
e polarisation of quarks: AX=Au +Ad, +Aq,

e polarisation of gluons: AG

new e hunting for the OAM L,y > talk by M. Duren

developments _
e transverse spin phenomena - talk by U. D’Alesio



polarised deep-inelastic scattering
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experimental prerequisites 1.
-the 2"d generation-

HERA 27.5 GeV (e+/e-)™
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)

1 1

' | H- <|P|> ~ 85% @ N

2H— ~ (o)
A <IPf>~84% target dilution factor
it <|P|>~74%  f=1 gas targets, f~0.02 solid targets




experimental prerequisites 1.
-the 2"d generation-
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HERA 27.5 GeV (e+/e-)
<P, >~ 53%2.5 % N

storage cell target: no dilution

| 1H— <|P> ~ 85% g bk :
2H— <|P,|> ~ 84% hadron ID: mt/K/p
WY <|p> ~ 74% 2 < E, <15 GeV
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experimental prerequisites
e, - -the 2" generation-
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polarised structure function g,
g,(x) = lzq efl
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first moment I',9 and AX

[Q?>1 GeV? data only]

Q%=5 GeV?
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from theory
from hyperon beta decay

MS
dg=Ax (exp) (theory) (evol)
= 0.330 £ 0.025 + 0.011 + 0.028
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=AY
= 0.35  0.03(0) + (. 05(sys+evol)



AQ and AG from inclusive data
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call for more direct probes...

kinematic range of polarised DIS exp:

gd(x,Q% + C(x)
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call for more direct probes...

kinematic range of polarised DIS exp: — AAC - = GRSV
nera K, Unpolarised DIS =~ BB - == |SS
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flavour tagqging: semi-inclusive DIS

[PRL92(2004), PRD71(2005)]
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HERMES: only direct 5-flavour
separation of polarised pdfs



more about strange quarks

. strange quarks carry no isospin, thus the same in proton and neutron

—> use isoscalar probe and target to extract strange-guark
distributions



more about strange quarks

. strange quarks carry no isospin, thus the same in proton and neutron

—> use isoscalar probe and target to extract strange-guark
distributions

needed ingredients: Alyd(x,Qz) , Aﬁ“{ (x,2,Q”) and K" +K~
multiplicities

. strange-guark fragmentation function either directly from data or
from parametrisations

- only assumptions:
e jsospin symmetry between proton and neutron

e charge conjugation invariance in fragmentation



unpolarised strange quarks
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unpolarised strange quarks

K™ + K~ multiplicities: 3
=
0.8 ©
D& (2)dz =1.2740.13

0.2 de Florian et al., PRD75 (2007)
. S(x) non-zero for x<0.1 NE
vanishes for x>0.1 G
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polarised strange quarks el

: : : PLB666(2008
results consistent with previous o3 . o i [ (2009)]
. alX - A(x)
flavour decomposition 02 + ;e

no sizeable negatively polarised L : .
[ ) e 0___.__'__‘_9_.0--_-_.. ........
strange sea as expected from e e AT E———
0.03 0.1 0.4 % 0.03 0.1 0.4 "

inclusive DIS results

sign of violation of SU(3);
. symmetry or of substantial
contribution from low-x region

> HERMES: (0.02<x< 0.6)
Agg = 0.285%0.073

- hyperon decay constants (SU(3) symm) _




‘direct’measurement of AG

e golden channel: charm production

J) -> theoretically very clean
y* -> experimentally very challenging
g 3 e @HERMES (V/s=7 GeV):
q hadron production at high Py
- experimentally very clean

Photon-Gluon Fusion (PGF) - h|gh|y model dependent
due to variety of background processes

other sub-processes make life hard:

\Pﬁ/-l- \/ -
-

acDe 4 Lo-ois + qg
‘ g

extraction relies on Monte Carlo description of subprocesses (pythia)




direct measurement of AG

2. e golden channel: charm production

J) q -> theoretically very clean
y* > experimentally very challenging

g _ * @HERMES (Vs=7 GeV):
q hadron production at high P
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direct measurement of AG

- P,
2. g e golden channel: charm production I? 1
y;{) ® hadron production at high P;
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quark and gluon polarisations
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in phenomena

transverse sp

beyond collinear approximation



quark structure of the nucleon
® L (x) = —{q<x>+s Ag(x)Y; +561(X)vsv S, fn*

Q@ «w@® - @ + @@

unpolarised quarks longitudinally polarised transversely polarised
and nucleons quarks and nucleons quarks and nucleons

[also: hy9, A+q]

Peculiarities of 0q
e probes relativistic nature of quarks
> otherwise 0q = Ag

* no gluon analog for spin-1/2 nucleon
—~>different Q2 evolution than Ag

e sensitive to valence quark polarisation

e only known way to obtain tensor charge




quark structure of the nucleon
O L2 (x) = - {q<x>+s Aq(x)v5+561(X)vsvS fn’

00 © 00
unpolarised quarks longitudinally polarised transversely polarised
and nucleons quarks and nucleons quarks and nucleons

[also: hy9, A+q]
0Qq: helicity-flip of both nucleon and quark

0q is chiral-odd = needs a chiral odd partner:
SIDIS: o7 o Za“’%" ® 59 (x) ® FFW (2)

ch/ra/-odd Ch/ra/—odd
chiral-odd fragmentation PDF F

function acts as polarimeter of — _

-~

transverse quark polarisation chiral-even




“Collins-effect”

W collins FF H 1+(z,k:?) correlates transverse spin of fragmenting quark
and transverse momentum P, of produced hadron h

- left-right (azimuthal) asymmetry in the direction of the
outgoing hadron

our observable: single-spin azimuthal asymmetry



IS this observable unique?
“Sivers-effect”

B another mechanism that produces single-spin azimuthal asymmetries:

Sivers distribution function : distribution of unpolarised quarks in a
transversely polarised nucleon = describes spin-orbit correlations

[Matthias Burkardt:
chromodynamic lensing]

a non-zero Sivers fct. requires non-zero orbital angular momentum !

Sivers fct. is (naively) time-reversal odd'!



polarised DIS" cross section 9

dO_h (x, y, Z: })hJ_ ’ ¢,. )= : —— _:‘_:_j

+%sin 2¢ do,, + é sin ¢ d.

Ag(x)

+ﬂ{sin(¢ +@.)do, +sm(@—@g)do . +si(3¢— ¢, )do,, + é}

+ﬂrﬁ{cos(¢—¢s)+é..1+....



polarised DIS" cross section

dah(x,y,z, P .9,.l)=

cos2pda, +écos pdo, +%sin bdo,,

q(x)
+%sin 2¢ do, +ésin ¢ daUL} @@écos ¢ do LL:|
8O H'+ fL®D, +h,.. AG(x)

l}in«é@qﬁssmw@qﬁs' sin<3¢—¢s>dow+é.-1

gROH; f=®D,

% |
ransversity ~SIDIS with transversely bs)+ E} o

(Collins effect) | polarised targets but not only...




2 (sin(¢+dg))ir

2 (sin(+05))Xir
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first time: transversity &
Collins FF are non-zero!

e TF asymmetries positive — no
surprise: u-quark dominance and
expect 0g>0 since Ag>0

e large negative T~ asymmetries
— ARE a surprise: suggests the
distavoured CollinsFF being large
and with oposite sign:

HIJ_,disfaV (Z)@y_IlJ_,faV (Z)




extracting fransversity

spin-dependent

fragmentation
function




global, simultaneous fit:
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Xou(Xx)

xdd (%)

first glimpse of transversity
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spin-orbit structure

Sivers function:

[Matthias Burkardt]

a non-zero Sivers fct. requires non-zero orbital angular momentum !



2 (sin(¢-0g) ¥t

2 (sin(¢-dg))ir
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Tt are subtantial and positive:

e first unambiguous evidence for
a non-zero T-odd distribution

function in DIS

e a signature for quark orbital
angular momentum !



« . Sivers asymmetries ©
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e SURPRISE:
K™ amplitude 2.3+0.3 times

larger than for mt*

- conflicts with usual
expectations based on u-quark
dominance

—> suggests substantial
magnitude of the Sivers fct. for
sea quarks
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comparison to models

. : [Anselmino et al. PRD72(2005)]
excellent description of pion data

but: cannot constrain sea predictions for kaons:
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kaon data suggest that sea quark contribution may be significant
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comparison to models

[Anselmino et al. PRD72(2005)]

excellent description of pion data
but: cannot constrain sea

predictions for kaons:
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extracting the Sivers function
o usual unpolarised
% AT oc T :

@% fragmentation

' function
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structure of the nucleon

from unpolarised DIS from polarised DIS : ...

first glimpse

—2Q3,=AZX
=0.33040.025(xp)

n__n.ur

o © HERMES (Q° < 1GeV?)
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> first signals of GPDs: J, +J,
- see next talk !
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structure of the nucleon
-the open tasks-
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e PN (Kratnr)
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- see next talk !
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structure of the nucleon

-the future facilities- o

EIC,

T e~ | (@PARD),

glimpse |

- see next talk !
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Backup slides



polarised /nclusive DIS

W= —g" F(xQ%) + 2P F (x,Q%)
uw o g 1 ” 2 ’

v

+ig"" q—”(sc 2,(x,Q")+ : (p-aS, -S-ap,) ﬂ'ﬁ‘lﬁ“
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polarised semny -inclusive DIS
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NLO fit to DIS+SIDIS data

[R. Sassot: EIC-Hampton08 workshop]

New!

i

_ CLAS

I HALLA




NLO fit to DIS+SIDIS data

good old & new SIDIS data:
[R. Sassot: EIC-Hampton08 workshop]

1sospin sensitive
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NLO fit to DIS+SIDIS data

DSSV [R. Sassot: EIC-Hampton08 workshop]

Au + AT . .
fenet frhat) no changes, ~ fixed by inclusive pDIS
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direct measurement of AG

2 g e golden channel: charm production

e, = theoretically very clean
- experimentally very challenging

7 7« @HERMES (Vs=7 GeV):
hadron production at high P-
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direct measurement of AG

g e golden channel: charm production

e @HERMES: hadron production at high Py

g ed— h*"X :direct, resolved, soft processes

[Pythia MC]
o acbc A ela./diff. VMD

7P
c
®) ’ ¢ low p;
. 'E-'__, 0.8 ® QCD 2—2(q)
signal processes: -
L 06 o - "%
7)) et
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PGF 304

QCD 292(9) ...............
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direct measurement of AG

2 g e golden channel: charm production

L
e @HERMES: hadron production at high Py
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Collins asymmetries from proton

&

;}: : ) F COMPASS  |2007 proton data
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Sivers asymmetries from proton

goMP3s
2007 proton data K

F | Dot bedeor COMPASS
(1 R, o - %
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» Unexpected result
+ Of paramount importance

Asymmetry small, compatible with zero within present statistical errors |

COMEPASS 2007 proton data




semi-inclusive 2-hadron
production

ep serxr X



2-hadron asymmetries

4 = O ! — O !
. ur O_T n O_i
: 2 ’ . ) . < _
~ sin(g@,, +¢g)sin(0) og(x) H ™ (z, M)

interference fragmentation function
between pions in s-wave and p-wave

ata-

frame

e only relative momentum of hadron pair relevant

- integration over transverse momentum of hadron pair simplifies
factorisation (collinear!) and Q2 evolution

e however cross section becomes very complicated (depends on 9! variables)



models for 2-hadron asymmetries

pythia;

Relative Yield

« HERMES
Pythia

H(z,M>_,cos®)=

T 2

le, M )+cosO@ H " (z,M?)

[Jaffe et all, PRL80(1998)]
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[Bacchetta, Radici PRD74(2006)]

1

model for H,<!9 (M,;,) combined
with various models for 5q(x)




2-hadron asymmetries
BQ(X) quq (29 Mmz)

e BOTH: fransversity and
4 — interference fragmention function
%M ep' »erx'nr X arenon-zero! [arXiv:0803.2367]
0 1
0.06 P

ainty

sin(pg  *dg)sinG

AU_I_
o
o
I
8.1% scale uncert
——
|
s —
|
+

SITRIREE

z



models for 2- hadron asymmetrles

o

@ tpythia;

: py « HERMES
2 — Pythia
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[Jaffe et all, PRL80(1998)]
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2-hadron asymmetries '\

P
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| ~MWHS M)
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rt
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e first evidence for non-zero interference FF

e BELLE plans to measure it ! @

e this kind of interference effect is a very promising
way to access 6q @RHIC

» dq(x) from SIDIS + pp + ete



MKmultlpllcmes compared to theory

new FF from combined NLO analysis of single-inclusive hadron production
in ete-, pp and DIS

[deFlorian,Sassot,Stratmann arXiv:0708.0769]
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Luminosity(*103%/cm?2/s)

perspectives for GPDs & TMDs

@ new facilities:

 high beam energy (hard regime, wide kinematic range)
e very high luminosity (small xsections, multi-D analyses)
e complete event reconstruction (ensure exclusivity)

- ideas for accessing GPDs and TMDs @LHC, @GS]I, ...
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